BRAF V600E is the most frequent oncogenic protein kinase mutation known. Furthermore, inhibitors targeting ''active'' protein kinases have demonstrated significant utility in the therapeutic repertoire against cancer. Therefore, we pursued the development of specific kinase inhibitors targeting B-Raf, and the V600E allele in particular. By using a structure-guided discovery approach, a potent and selective inhibitor of active B-Raf has been discovered. PLX4720, a 7-azaindole derivative that inhibits B-Raf V600E with an IC50 of 13 nM, defines a class of kinase inhibitor with marked selectivity in both biochemical and cellular assays. PLX4720 preferentially inhibits the active B-Raf V600E kinase compared with a broad spectrum of other kinases, and potent cytotoxic effects are also exclusive to cells bearing the V600E allele. Consistent with the high degree of selectivity, ERK phosphorylation is potently inhibited by PLX4720 in B-Raf V600E -bearing tumor cell lines but not in cells lacking oncogenic B-Raf. In melanoma models, PLX4720 induces cell cycle arrest and apoptosis exclusively in B-Raf V600E -positive cells. In B-Raf V600E -dependent tumor xenograft models, orally dosed PLX4720 causes significant tumor growth delays, including tumor regressions, without evidence of toxicity. The work described here represents the entire discovery process, from initial identification through structural and biological studies in animal models to a promising therapeutic for testing in cancer patients bearing B-Raf V600E -driven tumors.
O
ncogenic mutations in the BRAF gene (1) correlate with increased severity and decreased response to chemotherapy in a wide variety of human tumors (2) (3) (4) . Hence, direct therapeutic inhibition of oncogenic B-Raf kinase activity affords an avenue to treat these tumors. The therapeutic approach of targeting oncogenic kinase activity has proved very valuable in oncology (5, 6) . Recently, we have described the technique termed scaffold-based drug discovery, a strategy for identifying small molecule inhibitors of cyclic nucleotide phosphodiesterases (7) . Here, we describe an expansion of this strategy to discover a scaffold targeting protein kinases, and we report the elaboration of this scaffold into the potent and selective B-Raf V600E inhibitor PLX4720. Because a majority of all melanomas harbor an activating missense mutation (V600E) in the B-Raf oncogene (1) , targeted inhibition of the V600E gene product is a particularly rational therapeutic goal in this otherwise therapy-resistant tumor type. Previous generations of B-Raf inhibitors possess Raf inhibitory activity at low nanomolar concentrations (8) (9) (10) (11) (12) (13) ; however, the relative therapeutic efficacy of such inhibitors has been hampered by the lack of bioavailability or by the number of nonspecific targets that are also affected (14, 15) . The development of highly specific and effectual inhibitors of the BRAF V600E gene product would provide insight into the true therapeutic relevance of this target in malignant melanoma. Here, we demonstrate the preclinical validation of such a compound, PLX4720; this B-Raf V600E -selective inhibitor displays striking antimelanoma activity in both cell-and animal-based model systems.
Results and Discussion
Scaffold-and Structure-Based Discovery of the Inhibitors. To identify protein kinase scaffolds, a selected library of 20,000 compounds ranging in molecular mass between 150 and 350 daltons was screened at a concentration of 200 M through multiple divergent but structurally characterized kinases, and the screening data were further analyzed to select compounds for cocrystallography. For instance, out of the library, 238 compounds inhibited the activity of the three kinases, Pim-1, p38, and CSK, by at least 30% at the 200 M concentration. These 238 compounds were subjected to cocrystallographic analysis in at least one of these three kinases. From this experiment, Ͼ100 structures showing bound compound were solved. In particular, Pim-1 provided a robust system for cocrystallizing small low affinity compounds (16) , and one of these costructures revealed the binding of 7-azaindole to the ATPbinding site. However, although the heterocycle occupied roughly the position of the adenine ring, multiple binding modes were observed (differing across the four protein monomers in the asymmetric unit), consistent with the weak affinity (IC 50 Ͼ 200 M for Pim-1). Subsequently, a group of mono-substituted 7-azaindoles with increased affinity was synthesized, including the 3-aminophenyl analog (IC 50 Ϸ100 M for Pim-1) that bound to Pim-1 with a single, consistent binding mode (Fig. 1A) . Overlap of this structure with those of many different kinase family members suggested that this scaffold candidate represented a general framework capable of presenting two hydrogen bonding interactions with the kinase hinge region and several putative sites of substitution (the 2, 3, 4, 5, and 6 positions; Fig. 1 ) for the optimization of potency and selectivity.
This prediction was confirmed when we determined the costructure of another mono-substituted 7-azaindole bound to the kinase domain of FGFR1 ( Fig. 1B ; IC 50 ϭ 1.9 M for FGFR1).
Based on an analysis of structural data for 17 diverse kinases focused on identifying the most productive binding interactions, initial efforts were focused on characterization of compounds substituted at the 3, 4, and 5 positions, resulting in libraries of monoand di-substituted analogs built around the 7-azaindole core. Subsequent screening of these compounds revealed a set containing a difluoro-phenylsulfonamide substructural motif that displayed excellent potency for oncogenic B-Raf and selectivity against many other kinases, including wild-type B-Raf. These compounds were cocrystallized with engineered forms of B-Raf V600E and wild-type B-Raf in which solvent-exposed hydrophobic residues have been mutated to increase the level of soluble protein expression in Escherichia coli. Based on these cocrystal structures, subsequent optimization chemistry led to the discovery of propane-1-sulfonic acid [3-(5-chloro-1H-pyrrolo [2,3-b] pyridine-3-carbonyl)-2,4-difluoro-phenyl]-amide (PLX4720), whose chemical structure and biochemical characterization are displayed in Fig. 1C and Table 1 . As evident from this characterization, PLX4720 inhibits B-Raf V600E kinase activity in vitro at 10-fold lower concentrations than wildtype B-Raf. Furthermore, PLX4720 is remarkably selective against a diverse panel of 70 other kinases.
Modes of Inhibitor Interaction and Selectivity. To understand the high affinity and selectivity of PLX4720, we determined the crystal structure of the B-Raf/PLX4720 complex (Fig. 2) . Each crystallographic unit contains two asymmetrically packed kinase-inhibitor complexes, suggesting that the inhibitor-bound state may possess an ensemble of conformations. One of the complexes (Fig. 2C) superposes well with the published B-Raf/BAY 43-9006 structure (17) . As in the published structure, Phe-595 of the DFG motif was displaced by the compound and flipped-out from the ATP-binding pocket (referred to here as the ''DFG-out'' or inactive conformation). However, because compound occupancy in this conformation is relatively low (60%), this is probably not the most populated conformation of the bound state. Instead, PLX4720 binds preferentially to the second complex (Fig. 2B ) in the asymmetric unit where compound occupancy is 100%; this appears to be the ''active'' (or ''DFG-in'') conformation of the kinase. The critical binding determinant for oncogenic selectivity derives from the interaction between the sulfonamide and the beginning of the DFG region that subsequently directs the attendant alkyl chain into a small pocket unique to the Raf family (termed the ''Raf-selective pocket'') ( Fig. 2B) . Analysis of the pharmaceutical and pharmacological properties of several analogs led to the selection of the propyl substitution of the sulfonamide found in PLX4720 as that providing the optimal combination of features desirable for an orally administered therapeutic agent.
The specific molecular interactions of PLX4720 to both conformations are shown in Fig. 2 E and F. PLX4720 binds in the cleft between the N and C lobes of the kinase domain near the hinge region, which overlaps with the ATP-binding site ( Fig. 2A) . Hydrogen bonding of the azaindole to the hinge residues anchors this structure, and the 3-substituent extends toward the activation loop (A-loop). Specifically, N7 serves as hydrogen bond acceptor from the backbone amide of Cys-532, while N1 serves as hydrogen bond donor to the backbone carbonyl of Gln-530. The azaindole is tightly confined within the adenine-binding region of the ATP pocket, surrounded by residues Cys-532, Trp-531, Thr-529, Leu-514, and Ala-481. The small 5-chloro substituent points toward the solvent region with a van der Waal's contact with Ile-463. By contrast, the 3-substituent appears to have extensive interactions with the protein in a binding trajectory that deviates markedly from the bona fide ATP-binding pocket (Fig. 2 A) . Biochemical assays have shown that the ketone linker enhances potency, and the structure reveals that the carbonyl oxygen is accepting an H-bond from a water molecule. The difluoro-phenyl moiety is anchored in a hydrophobic pocket, surrounded by residues Ala-481, Val-482, Lys-483, Val-471, Ile-527, Thr-529, Leu-514, and Phe-583.
While PLX4720 cocrystallizes readily with the wild-type B-Raf protein (Fig. 2) when the V600E-mutant protein is cocrystallized with analogs such as PLX3203 and other mutant-selective analogs, the compound is bound to the DFG-in protein conformation with Kinases with IC50s Ͼ 5,000 nM: ABL1, AKT1, AKT2, AKT3, ALK, BTK, CAMK2A, CDK2/CYCLIN A, CHK1, CHK2, CK1, CLK1, EGFR, EPHA2, EPHB4, ERK2, FER, FLT3, GRK2, GSK3␤, HCK, IGF1R, IKK␤, IRAK4, JAK3, JNK1, JNK2, JNK3, KIT, MAPKAPK2, MEK1, MER, MET, MKK6, MLK1, MST1, NEK2, P38␣, P70S6K, PAK3, PDGFR␣, PDK1, PIM1, PKA, PKC, PKC, PLK1, PYK2, ROCK1, SYK, TAO1, TIE2, TRKA, TSSK1, ZIPK. We are unable to reliably measure wild-type c-Raf-1 activity. However, by using an activated form of c-Raf-1 with Y340D and Y341D mutations, an IC 50 of 6.7 nM is determined. This suggests that PLX4720 binds with high affinity to the ЉactiveЉ form of both B-Raf and c-Raf-1.
almost identical interactions to the structure of the wild-type protein/PLX4720 complex (Fig. 2D ). By contrast, no PLX3203 electron density is observed in the DFG-out conformation of the V600E protein (data not shown). These structural data support the conclusion that PLX4720 binds preferentially to the active form of B-Raf wild-type and V600E mutant proteins.
Perhaps the key to the activation-state specificity of PLX4720 is the differential interaction of the sulfonamide moiety with the Asp and Phe of the DFG sequence. In the active conformation (Fig. 2E) , the nitrogen atom of the sulfonamide moiety is within H-bond distance to the main-chain NH group of Asp-594. Such an interaction suggests that the nitrogen atom is deprotonated. Meanwhile, the oxygen atoms of the sulfonamide form H-bonds to the backbone NH of Phe-595 and the side chain of Lys-483. In the DFG-out conformation (Fig. 2F) , the anchor residue Asp-594 switches conformation, thereby driving the A-loop to block the ATP-binding pocket. Such a conformational switch of the A-loop turns the main chain carbonyl to interact with the nitrogen of the sulfonamide moiety indicating its protonated state. Note that the pK a of this sulfonamide moiety was experimentally determined to be 7.7, and the crystallization pH is 6.0. These data support a selectivity mechanism by which the deprotonated sulfonamide favors an interaction with the active kinase conformation that is also favored by the V600E mutation.
The propyl group is critical for selective binding to the active conformation of Raf versus other kinases. In the active monomer conformation (Fig. 2B) , the propyl group of PLX4720 binds to the Raf-selective pocket. Comparison with structures of 80 other kinases showed that very few kinases possess a similar pocket at this exact location. The presence of this pocket in B-Raf V600E appears to require an outward movement of the ␣C helix. As a result, although B-Raf V600E in the active conformation shares the same DFG conformation as the structure of activated B-Raf (10), the orientation of the ␣C helix is significantly different between the two structures. Because Glu-501 of the ␣C helix is separated from the catalytic Lys-483, PLX4720 appears to have trapped the oncogenic B-Raf kinase in a unique conformation. Decreasing the steric size of the propyl group selectively decreases the ability to inhibit the inactive protein, resulting in increased selectivity for the active form. Conversely, compounds such as BAY 43-9006 (17) with large tail groups bind to an alternative pocket that is present only when the protein is in the inactive conformation. This alternative pocket (Fig. 2C ) is highly conserved in many kinases and is therefore termed the ''kinase general pocket.'' Although PLX4720 can bind to both conformations, the preference for the active conformation and corresponding access to the Raf-selective pocket plays a key role in the selectivity against non-Raf kinases.
Cellular Selectivity in Multiple Tumor Lines. The identification of a B-Raf V600E -selective compound enables exploration of the physiological role of the BRAF V600E oncogene. It is clear from Table 2 that tumor cell lines bearing the BRAF V600E oncogene are significantly more sensitive to inhibition by PLX4720. Despite the observation that PLX4720 is 10-fold selective for the B-Raf V600E kinase in enzymatic assays, the cellular selectivity can exceed 100-fold. This finding is consistent with the report of similar selectivity for the BRAF V600E -bearing cells in experiments using specific inhibitors of MEK (18) and B-Raf (10) . Indeed, the results point to a critical role of the Raf-MEK-ERK pathway in BRAF V600E -bearing cells that can be bypassed in cells lacking oncogenic BRAF.
To further explore the differential biology of tumor cells with or without oncogenic BRAF, direct analysis of the Raf-MEK-ERK pathway was explored. By using the selective MEK inhibitor PD0325901, ERK phosphorylation as a read out of the Raf-MEK-ERK pathway was potently inhibited in all cell lines (Table 2) , consistent with previous studies (18) . By contrast, ERK phosphor- In this conformation, the phenylalanine of the DFG loop is pointing away from the compound-binding site, and binding of PLX4720 is disfavored, leading to partial occupancy of this site even at the 1 mM compound concentration used in cocrystallography.
ylation is differentially affected by a 1-h treatment with PLX4720: in cells bearing the BRAF V600E oncogene ERK, phosphorylation is potently inhibited, whereas ERK phosphorylation is unaffected in cells that lack the BRAF oncogene. This observation is consistent with previous reports of a negative feedback pathway from ERK through c-Raf-1 (13, 19) . Increased ERK activity results in increased phosphorylation of c-Raf-1, thereby autolimiting the flux through the Raf-MEK-ERK pathway. We speculate that this negative feedback loop is lost in BRAF V600E -bearing tumor cells, resulting in the pronounced dependence of these cells on the Raf-MEK-ERK pathway. Note that certain premalignant cells such as those found in benign nevi also demonstrate frequent expression of B-Raf V600E (20, 21) , and it remains unclear how these cells avoid transformation to a malignant state. Recent evidence supports the link between the negative feedback and oncogene-induced senescence (22) . Perhaps it is the negative feedback that prevents the transformation process, and loss of the feedback is critical to malignancy.
Melanoma Cell Biology.
To further explore the role of B-Raf V600E in melanoma, the effects of PLX4720 on a larger panel of melanoma cell lines were investigated. PLX4720 inhibited ERK activity only in those cell types that harbor the V600E mutation whereas ERK remained unaffected in cells with wild-type B-Raf (Fig. 3A) . Furthermore, only those cell lines containing the V600E gene product displayed decreased growth rates, whereas melanoma cells and primary melanocytes [supporting information (SI) Fig. 5 ] expressing wild-type B-Raf grew at similar rates to the nontreated controls (Fig. 3B) . Of the cell lines tested, the 1205Lu (B-Raf V600E ) and C8161 (B-Raf wild-type) cells represent highly malignant examples that are inherently resistant to pharmacological intervention (23) ; consequently, these cell lines were chosen for further study.
Cell-cycle analyses established that PLX4720 is sufficient to induce cell-cycle arrest at 24 h posttreatment in the B-Raf V600E 1205Lu cells, but not the B-Raf wild-type C8161 melanoma cells (SI Fig. 6) . B-Raf V600E cells were also highly susceptible to apoptotic induction, whereas wild-type B-Raf melanoma cells remained unaffected even by prolonged exposure to the drug (Fig. 3 C and  D) . The collective data, therefore, suggest that PLX4720 has antimelanoma activity only against cells that harbor the V600E mutation.
Others have reported that chemotoxic compounds possess differential capacities to inhibit growth and/or induce apoptosis that depends on the cell's interaction with the immediate microenvironment (24, 25) . We confirmed the results from our twodimensional platforms by using live/dead spheroid analyses to determine the effect(s) of PLX4720 on melanoma cells in the context of extracellular matrices, such as collagen I. Indeed, treatment with PLX4720 over 72 h confirmed that mutant B-Raf cells undergo apoptosis in response to the compound to a much greater degree than their wild-type counterparts (Fig. 3E) .
It is possible to grow synthetic skin that accurately recapitulates the epidermal architecture of the skin, including extracellular matrices, relevant cell types, and their proximal localization to one another (26, 27) . Melanoma-based synthetic skin is characterized by an overabundance of melanoma cells that eventually overtakes the outermost layer of keratinocytes. Here, artificial skin was synthesized by using the 1205Lu or C8161 melanoma cell lines, rather than melanocytes. Subsequently, PLX4720 was administered to ascertain the effects of the compound on the various cellular components of melanoma lesions. In the absence of PLX4720, both melanomas grew well (Fig. 3 F and G) . The B-Raf V600E 1205Lu cells were significantly inhibited in the presence of the drug, as evidenced by the thin melanoma layer and existence of the outer keratinocyte layer (Fig. 3F) ; growth of the C8161 B-Raf wild-type cells, however, was unaffected by PLX4720 treatment (Fig. 3G) . Immunofluorescent analyses confirmed that the C8161-based reconstructs showed similar patterns of staining for the proliferation marker, PCNA, in both untreated and treated samples (Fig. 3G) . Conversely, the B-Raf V600E -based synthetic skin displayed a drastic decrease in PCNA staining when in the presence of PLX4720 (Fig. 3F) . Skin reconstructs were also stained with TUNEL to indicate areas of high apoptosis; TUNEL staining was inversely correlated to PCNA staining exclusively in PLX4720-treated B-Raf V600E reconstructs, as expected (Fig. 3F) . The collective data from these reconstruct studies strongly suggest that PLX4720 initiates an apoptotic response only in cells with the V600E mutation.
Animal Efficacy. To achieve optimal anticancer effects, it is most desirable to cause frank tumor regressions. A tumor xenograft model was explored by using COLO205 cells (that bear the BRAF V600E mutation) in nude mice. As shown in Fig. 4A , treatment of tumor-bearing mice with 20 mg/kg PLX4720 by using once-daily oral dosing resulted in substantial block of tumor growth. Indeed, during the treatment period of 14 days, four of the nine treated mice achieved tumor regressions to below palpable levels. These tumors returned upon cessation of treatment, so some tumor cells were still remaining in these mice. Nonetheless, the 14-day treatment resulted in a 21-day tumor growth delay. A lower 5 mg/kg dose of PLX4720 had a very modest effect on tumor growth. To demonstrate in vivo target modulation, phospho-ERK levels were measured in treated tumors 2 h after the final dose of 20 mg/kg PLX4720 on day 14. By using immunohistochemistry for total ERK levels to normalize the data, it was estimated that ERK phosphorylation was inhibited by 43% (data not shown). Although we see no evidence of apoptosis in cellular assays in COLO205 cells treated with PLX4720, the compound clearly can cause regression of tumors in vivo. The treatment with PLX4720 was well tolerated, and no adverse effects on any clinical parameters, including body weight, were noted. Indeed, increasing doses of PLX4720 up to 1,000 mg/kg resulted in increasing plasma levels (up to 600 M) without any evidence of adverse reactions.
Xenograft studies were also performed by using either 1205Lu or C8161 cells in SCID mice. The striking results indicate that oral administration of PLX4720 is sufficient to prevent tumor growth in B-Raf V600E tumors; furthermore, those tumors were nearly, and in some cases completely, destroyed by treatment with PLX4720 (Fig.  4B) . The growth of B-Raf wild-type tumors remained unaffected by treatment with PLX4720 (Fig. 4C) . Immunohistochemical assays demonstrated that signals transduced by the MAPK pathway are decreased in those cells harboring the V600E mutation (Fig. 4D) , thus supporting the notion that the target of the compound was affected by treatment with PLX4720. The results from these in vivo models validate our in vitro data and thereby support the use of PLX4720 as a next-generation therapeutic for patients with advanced-stage melanoma.
Conclusions
The mechanism of activating protein kinases by stabilizing the catalytically preferred conformation is exploited by oncogenic mutations such as B-Raf V600E . Conversely, the selective targeting of the active DFG conformation can also be achieved by smallmolecule inhibitors, and this should enable the development of future therapeutic kinase inhibitors. The discovery of PLX4720 opens the door to future studies that seek to measure the effects of selective inhibition of B-Raf V600E . Pharmacologic inhibition of oncogenic B-Raf blocks proliferation and causes tumor regressions. This finding is also consistent with recent studies showing the genetic depletion of B-Raf in B-Raf V600E -bearing xenografted melanoma cells results in dramatic tumor regressions (28) . Importantly, this efficacy is achieved without apparent toxicity to untransformed cells in vitro or to treated mice. The pharmaceutical properties of PLX4720 enable advancement to human clinical trials, with the hope of achieving clinical benefit and maintaining a significant therapeutic window. PLX4720 thus represents perhaps a first-in-class therapeutic molecule that selectively inhibits a target that exists only in tumors.
Experimental Procedures
Note that detailed methods are included as SI Methods.
Synthesis of B-Raf Inhibitors. PLX4720 was synthesized by reacting commercially available 5-chloro-7-azaindole with propane-1-sulfonic acid (2,4-difluoro-3-formyl-phenyl)-amide followed by oxidation (SI Scheme 1). Similar procedures were used to synthesize the inhibitors listed in Fig. 1C by using appropriately substituted 7-azaindole and aldehyde as starting materials (SI Scheme 2). Detailed synthetic methods are included as SI Methods.
Cloning, Expression, Purification, and Crystallization of B-Raf. To enable crystallization, the BRAF cDNAs (both V600 and E600) fragment encoding amino acid residues 448 -723 with 16 mutations to improve expression (I543A, I544S, I551K, Q562R, L588N, K630S, F667E, Y673S, A688R, L706S, Q709R, S713E, L716E, S720E, P722S, K723G) were cloned into a pET vector (Invitrogen), in frame with a N-terminal histidine tag for bacterial expression. The protein was expressed in E. coli cells with an overall yield of 5-10 mg/liter. B-Raf kinase was expressed, purified, crystallized, and the structures determined by using methods similar to those used for the reported for Pim-1 and Met (16) . For enzymatic activity, B-Raf (residues D448 -K723) with or without the V600E mutation and fused at the N terminus with six-residue HIS-tag, was coexpressed with CDC37 in insect cells by using a baculovirus vector. For comparative enzymatic determinations, c-Raf-1 (residues Q307-F648, with Y340D and Y341D mutations, fused at N terminus with GST) from baculovirus-infected insect cells was used. For crystallographic data and refinement statistics, see SI Table 3 .
Biochemical and Cellular Assays. The in vitro Raf kinase activities were determined by measuring phosphorylation of biotinylated-MEK protein by using AlphaScreen Technology (16) . In addition, 58 selected kinases were profiled for inhibition by PLX4720 by using the ZЈ-LYTE biochemical assay format (SelectScreen; Invitrogen) according to the manufacturer's instructions.
Cellular phosphorylation of ERK was determined by immunoassay, and cellular proliferation was determined by using the CellTiter-Glo Luminescent Cell Viability Assay (Promega). Melanoma cell proliferation, cell cycle analysis, apoptosis assay, three-dimensional spheroid growth, and skin reconstruction experiments were carried out as previously described (26, 27) .
COLO205 Tumor Xenograft.
Female athymic mice (NCr nu/nu; Taconic) were implanted s.c. on day 0 with 30 -60 mg COLO205 tumor fragments. Treatments began on day 11, when the mean estimated tumor mass was 104 mg (range, 95-113 mg). All animals were dosed with vehicle (5% DMSO, 1% methylcellulose) or PLX4720 suspended in vehicle by gavage daily for 14 consecutive days. Tumor burden (mg) was estimated from caliper measurements. This study was conducted by Molecular Imaging Research (MIR), and all procedures were approved by the MIR Animal Care and Use Committee.
Melanoma Tumor Xenografts. Metastatic melanoma cells (2 ϫ 10 6 ) were s.c. injected into the flanks of SCID mice and allowed Ϸ2 weeks to reach 0.125 mm 3 in volume. Subsequently, the animals received either 100 mg/kg PLX4720 (oral gavage) or vehicle control twice daily for 15 days. Tumor volume was recorded every 72 h. The average tumor size for each respective group was normalized to the tumor volume at the first day of treatment. After 15 days of treatment, animals were killed and tumors were excised, fixed in formalin, paraffinembedded, and analyzed by immunohistochemistry.
